To observe the therapeutic effect of intrasplenic transplantation with embryonic hepatocytes on amelioration of hereditary copper accumulation in toxic milk (TX) mouse modeling Wilson disease.
INTRODUCTION
Wilson disease (WD), also known as hepatolenticular degeneration, is an autosomal recessive inherited disease characterized by impaired biliary copper excretion. The gene responsible for WD has been cloned and located to 13q14.3, encoding a copper transporting P-type ATPase ATP7B, which functions to transport copper across hepatocyte membranes. The mutant WD gene, which has lost the normal function of excreting copper, will result in toxic accumulation of copper in liver. The manifestations of WD include low serum ceruloplasmin, liver cirrhosis, extrapyramidal symptoms, kidney lesion and cornea K-F ring [1] . D-penicillamine, a copper-chelating agent, plays the most important role in current therapeutic strategy for WD. The lesser the damage caused by copper toxicity, the greater the recovery following therapy [2] . But D-penicillamine has a long list of side effects and toxicities, and must be maintained for life-long [3] . Consequently, it is necessary to explore a more favorable therapy.
Orthotopic liver transplantation (OLT) is a choice of treatment for WD, which not only supplies patients with an alternative healthy liver but also helps to ameliorate copper metabolism disturbance [4, 5] . Unfortunately, the number of patients who have benefited from OLT is very limited, because of the shortage of healthy donor livers, expensive cost and high risks for operation and immunological rejection following OLT. Hepatocyte transplantation is considered as a bridge to OLT and can provide patients with some hepatic function supports [6] . Nevertheless, mature hepatocytes are fully differentiated cells and hard to survive the required time for transplantation. Besides, the treatment still requires donor livers and needs invasive surgical procedure. Recently, with tremendous progresses in the field of stem cell research, much attention has been paid to another attractive alternative, progenitor hepatocytes, especially embryonic hepatocytes [7] .
Toxic milk (TX) mouse is accepted widely as a valid animal model of WD bearing a WD gene mutation of Met1356Val [8] . The characteristics of copper metabolism and liver histopathology of TX mouse are coincident with those of WD patients. The current study was performed to explore whether transplanted embryonic hepatocytes are able to integrate into the liver tissue of recipient TX mice, proliferate there and subsequently ameliorate copper metabolism disorder in TX mouse.
MATERIALS AND METHODS
Animals DL and homologous TX mice were kindly donated by Dr. Julian Mercer (Deakin University, Australia) and used respectively as hepatocyte donors and recipients. All animals were bred in Special Animal Experimental Center of Sun Yat-Sen University and maintained at 18-25 ℃ in a 12-h light/12-h dark cycle. They had free access to food and water.
Thirty TX mice (female:male = 1:1) were randomly assigned to two experimental groups, 20 mice in T group underwent embryonic hepatocytes transplantation, 10 mice in C group were used as control. Animals from each group were killed at 2 or 4 wk after transplantation for histologic examination of the liver and spleen.
Harvest and fluorescence labeling of embryonic hepatocytes
The isolation procedure was based on collagenase digestion techniques and adapted for use with embryonic livers. The pregnant 14-d DL mouse was anesthetized and subjected to midline laparotomy. The fetuses were removed and the embryonic livers were chopped up, washed twice with Ca ++ and Mg ++ free PBS, and then incubated with 0.05% collagenase type I. The final suspension was incubated in DMEM/F12 culture medium with 5% FBS for 24 h at 37 ℃, in 50 mL/L CO 2 . Then debris of tissue and cells were washed out and serial static culture was performed until monolayer cells covered about 80% of the bottom of the flask. The fluorescein dye Hoechst 33342 was added to a final concentration of 10 g/mL. These cells were incubated for 8 h at 37 ℃ and then washed twice with PBS. Fluorescence of labeled cells was verified by fluorescent microscopy. Before transplantation the number and viability of cells were estimated by trypan blue exclusion.
Surgical procedures
Under pentobarbital anesthesia (25-30 mg/kg intraperitoneally), the peritoneal cavity of recipient was accessed through a midline laparotomy under sterile conditions. Transplantation was carried out by direct injection into the spleen pulp of two million hepatocytes suspended in 100 L PBS for the transplantation group (n = 20). Control group (n = 10) received the same procedure except for the blank 100 L PBS.
Histologic examination
Transplanted animals were killed 2 or 4 wk after transplantation respectively. Left lateral liver lobe and spleen were dissected and processed for routine histopathologic examination using standard techniques. Paraffin embedded 5-m sections were stained with hematoxylin-eosin. Several other parts of dissected organs were snap frozen at -70 ℃, 10-m cryostat was sectioned and examined by fluorescent microscopy to identify Hoechst 33342-labeled donor hepatocytes.
Immunohistochemical staining
To investigate the distribution and differentiation process of grafted embryonic hepatocytes in spleen of recipient mice, immunohistochemical staining of the recipient spleen tissue was employed. Sections of paraformaldehyde-fixed tissue were deparaffinized in xylene and rehydrated in graded alcohol. Antigen retrieval was carried out by microwave citrate buffer method and digested by trypsin at 37 ℃ for 30 min. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide in methanol. The primary antibodies (rabbit polyclonal albumin antibodies from DAKO Company, goat polyclonal AFP antibodies from Santa Cruz Company) were diluted in PBS plus 0.2% non-fat dried milk and applied at 4 ℃ overnight. After rinsing, secondary antibodies (goat anti-rabbit IgG(AP) and rabbit anti-goat IgG(Cy3)) were added and incubated at room temperature for 1 h. For each antibody, negative controls were performed by omitting the primary antibody from the protocol.
Tissue and serum copper and holoceruloplasmin level
Fresh liver samples were dehydrated overnight in a vacuum oven and solubilized in nitric acid immediately before analysis. Copper concentration was measured by graphite furnace atomic absorption spectroscopy. The serum ceruloplasmin level was determined by measuring the pphenylenediamine dihydrochloride oxidase activity of ceruloplasmin. Age and sex-matched DL mice were used as normal controls.
Statistical analysis
The values were presented as mean±SD. Differences were analyzed with Student's unpaired t test. P<0.05 was considered statistically significant.
RESULTS

Isolation of embryonic hepatocytes
Twenty-four hours after primary culture, most cell clusters attached to the substrates of plastic flask. Two days later, phase-contrast microscope revealed that lots of spherical or oval shaped cells migrated outside the mass. These cells were predominantly mononuclear, bearing a high nucleusplasma ratio with an average diameter of about 10 m. As a result of migration and proliferation, an outgrowth around the tissue mass came into shape with some epithelioid cells and fibroblasts. After incubation for 2-3 wk, embryonic hepatocytes grew into block and attached tightly to each other. Once the embryonic hepatocytes were subcultured, these cells would irreversibly differentiate into fully differentiated adult hepatocytes with typical epithelium morphology.
Histologic examination
All animals survived following intrasplenic injection until they were killed. Under optical microscope, the hepatocytes of TX mouse liver arranged in coarse nodules and lost the normal structure of hepatocyte cords. Some parenchymal hepatocytes contained swollen cytoplasm and enlarged, vacuoles-like nuclei with rare lipid droplets and frequent diploid nuclei. Another noteworthy characteristic was the extensive infiltration of lymphocytes in hepatic sinusoid. In animals treated with hepatocyte transplantation, although some monocytes infiltrated in the markedly altered lobule area, more diploid nuclei were observed. In addition, there appeared many more active proliferating oval cells with smaller nuclei, which were about one-fourth volume of the normal hepatocytes. No vessel distension, blockage or liver parenchyma necroses were observed.
Fluorescence microscopy
To determine the distribution and proliferation of transplanted embryonic hepatocytes in recipient liver, we utilized Hoechst 33 342 to label donor cells. The animals with integrated appearance of engrafted modified hepatocytes in their liver sections were regarded as successful transplantation. Fluorescence microscopy revealed the presence of fluorescence-labeled donor cells 4 wk after transplantation in both liver and spleen sections. Two weeks after embryonic hepatocyte transplantation, a great deal of labeled embryonic hepatocytes with normal morphology distributed throughout the red pulp of the recipient spleen. In contrast, the number of fluorescent cells in liver parenchyma sections was small and only some isolated hepatocytes could be observed, and only occasionally 2 or 3 cells were aggregated together. These hepatocytes were found predominantly in small branches of the hepatic sinusoid. After 4 wk, many intrasplenically implanted cells migrated from spleen to liver through portal vein, concentrating in hepatic sinusoids. The donor cells in spleen still located in the red pulp with a few cells phagocytosed by the macr-ophages in spleen. In liver, marked donor cells appeared more frequently, and most of them aggregated into nodules containing 5-6 cells.
Tissue and serum copper and holoceruloplasmin levels
Copper and holoceruloplasmin levels were determined in plasma samples from all experimental mice in the following 4 wk after transplantation. On the 14 th d after transplantation, 10 TX mice from T group were killed. Liver and spleen tissues and serum were taken for tissue and serum copper determination and holoceruloplasmin level assay. Donor cells with intact morphology were observed in 4 of 10 mice. On the 28 th d, the other 10 mice were killed and successful transplantation was achieved in five mice. The copper concentrations and holoceruloplasmin activity values in all study groups are outlined in Figure 1 .
Immunohistochemistry for engrafted cells
The spleen sections were stained with antibodies to embryonic hepatocyte maker AFP and specific mature hepatocyte marker albumin to observe the differentiating process of engrafted embryonic hepatocytes in vivo. Although morphometric analysis was not performed, the number of immature hepatocytes carrying AFP decreased significantly 2 wk after transplantation. At the same time hepatocytes with specific mature hepatocyte marker albumin increased significantly.
DISCUSSION
Recently, the possibility to treat hepatic inborn errors of metabolism with hepatocyte transplantation rather than with whole liver transplantation has been demonstrated in more and more animal experiments and clinical trials, such as hereditary tyrosinemia type I, Crigler-Najjar syndrome, dextrinosis and 1a, and hereditary hypercholesterolemia [9] [10] [11] [12] [13] . Mature hepatocytes transplantation had been carried out to treat LEC rats, another WD animal model of inborn copper metabolic disturbance by Malhi et al [13] . Of the recipients, 9 rats out of all 14 rats were confirmed as successful repopulation by RT-PCR. The biological analysis also showed amelioration of copper metabolic disturbance. However, mature hepatocytes are highly differentiated somatic cells with limited capability of proliferating in vitro and immunogenicity. These disadvantages hindered the wide use of hepatocyte transplantation clinically. In recent years, hepatic progenitor cells, also known as oval cells, are of interest in the field of liver cell transplantation and stem cell transplantation [14] . Some studies have demonstrated that oval cells in rats are bone marrow-derived cells and share some common cell surface markers with hematopoietic cells [15, 16] . However, some experiments revealed that bone marrow-derived cells do not contribute significantly to oval cell or hepatocyte population in some specific setting [17] . Although the precise source of oval cells in mature liver needs to be investigated further, it has been widely accepted that there are a large amount of hepatic progenitor cells in embryonic liver. Embryonic hepatocytes originate from endodermal cells that form the so-called hepatic diverticulum detectable on d 10-12 after gestation on the ventral side of frontal endoderm. The process of embryonic hepatocyte differentiation is reversible. Hepatoblasts could become ductal cells that in turn differentiate into oval cells. Oval cells are undifferentiated cells that could give rise to mature hepatocytes or biliary cells, demonstrating high proliferative capacity [18] . Besides, embryonic hepatocytes possess greater resistance to chemical damage. Furthermore, these cells are still immature cells bearing incomplete MHC II surface antigen, thus possessing lower immunogenicity. Therefore, embryonic hepatocytes might be an ideal candidate donor cells for hepatocyte transplantation.
The current study addressed whether homogeneous engraftment of embryonic hepatocytes could be translated into greater liver population in vivo, and subsequently replaces the missing function of WD protein to excrete copper toxin from liver. Within 4 wk after transplantation, the donor embryonic hepatocytes initially transplanted into the recipient spleen could migrate to liver, colonize, proliferate there and develop into adult hepatocytes. Successful transplantation was achieved in 9 of 20 cases, accounting for 45%. Although fluorescence microscopy revealed that the labeled donor cells predominantly located in the red pulp of spleen, there were more labeled hepatocytes in liver parenchyma after 4 wks. Most of them aggregated into nodules containing 4-6 cells. The inborn copper metabolic disturbance was ameliorated in accordance to these pathologic changes. The level of serum ceruloplasmin and copper increased gradually and ultimately rose to about 60% of the normal level in syngeneic DL mice. Previous investigators favored the intrasplenic route of hepatocytes transplantation and suggested that transplanted hepatocytes could infuse into the portal vein and ultimately migrate to the hepatic sinusoid. When these cells accommodated the microenvironment, they proliferated there, integrated into the normal liver lobule structure and exert to correct the inborn errors of impaired copper excretion [19] .
In our study, the ceruloplasmin activity began to rise from the 5 th d after transplantation. Packman et al [20] , studied the distribution of murine copper transporting ATPase during mouse embryonic development and reported that ATP7A (another copper transporting ATPase responsible for Menkes disease), but not ATP7B, is the predominant copper transporting factor in embryonic hepatocyte copper metabolism. In fetal liver, ATP7A does not involve in the synthesis of ceruloplasmin, but has the basic function to excrete copper. While ATP7B, playing the most important role in copper excretion of adults, gradually takes dominant position in postnatal liver development. Immunohistochemical staining in the present study revealed that some transplanted embryonic hepatocytes transplanted into the recipient spleen developed into mature hepatocytes bearing albumin, the typical marker of hepatocytes. It seems that the time for amelioration of ceruloplasmin might be in agreement with the time required for embryonic hepatocyte maturation. Therefore, these cells in recipient spleen contribute to the synthesis of ceruloplasmin.
Liver is the central organ of copper homeostasis. Under physiologic circumstances, bile excretion represents the sole mechanism for copper excretion and thus only those cells lodged in recipient liver have the practical ability to excrete copper. In the present study, the donor hepatocytes were present as small foci and seemed to grow by clonal population expansion within host parenchyma 4 wk after transplantation. To address whether these cells possess the ability to excrete copper into bile canaliculus, hepatic copper concentrations were evaluated. As expected, hepatic copper concentration decreased slightly 2 wk after transplantation, and showed a significant difference after 4 wk. It was reported that, shortly after transplantation, the transplanted cells become stacked at the portal vein radicles [14, 21] . Although the majority of the donor cells are cleared, a portion of cells start to translocate into the space of Disse by disrupting the sinusoidal endothelium and finally join adjacent host hepatocytes. Therefore, transplanted embryonic hepatocytes might participate in the reconstitution of new functional biliary system and restore effective copper excretion.
This study showed that hereditary abnormalities of copper metabolism in TX mice could be corrected partially by intrasplenic transplantation of normal embryonic hepatocytes. Generally speaking, at least 15% of the liver parenchyma is needed to retain the physiological functions such as metabolism, coagulating and detoxification. What still needs to be investigated further include the number of engraft cells, the way of transplantation and long-term evaluation. Although the above data might be too preliminary for unambiguous conclusions, we believe that the accurate and long-term laboratory investigation, as well as clinical followup, will eventually benefit a broader use of embryonic hepatocyte transplantation in patients with WD.
